Caveolae are flask-shaped cell-surface membranes, which consist of cholesterol, sphingolipids and caveolin proteins. In a microarray analysis, we found that caveolin-1 (Cav-1) was upregulated by receptor activator of NFκB ligand (RANKL), the osteoclast differentiation factor. Silencing of Cav-1 inhibited osteoclastogenesis and also decreased the activation of mitogenactivated protein kinase and the induction of NFATc1 by RANKL. Cav-1 knockdown suppressed the expression of cFms and RANK, two major receptors for osteoclastogenesis. Interestingly, cFms expression was decreased only at the protein level, not at the messenger RNA (mRNA) level, whereas RANK expression was decreased at both the mRNA and protein levels. Furthermore, Cav-1 deficiency increased the lysosomal degradation of cFms. Taken together, these results demonstrate that Cav-1-dependent cFms stabilization contributes to efficient osteoclastogenesis.
INTRODUCTION
Bone homeostasis is tightly controlled by two types of cells, called osteoclasts and osteoblasts. Therefore, the imbalance between osteoclast and osteoblast activities gives rise to various bone diseases. Osteoclasts are specialized cells for bone resorption and are derived from hematopoietic stem cells. Osteoclast differentiation is dependent on the macrophage colonystimulating factor (M-CSF) and the receptor activator of NFκB ligand (RANKL). 1 RANKL stimulates the activation of extracellular signal-regulated kinases 1 and 2 (ERK1/2), p38 and c-Jun N-terminal kinase (JNK) 1,2 after the recruitment of TNF receptor-associated factor 6 (TRAF6), a key adaptor protein, 3 to the receptor activator of NFκB (RANK). Ultimately, these signals activate the nuclear factor of activated T-cells, cytoplasmic 1 (NFATc1), the master transcription factor of osteoclastogenesis. 1, 4 NFATc1, in cooperation with microphthalmia-associated transcription factor and PU.1, facilitates the transcription of genes for tartrate-resistant acid phosphatase, matrix metalloproteinases, and cathepsin K enzymes, which are important for osteoclast functions. 5, 6 Caveolae, a specialized type of lipid rafts, are comprised of cholesterol, sphingolipids and three isoforms of caveolin proteins. 7 Cav-1 and Cav-2 are expressed ubiquitously with abundancy in fibroblasts, endothelial cells and epithelial cells. Cav-3 is detected only in muscle cells. 8 Among the three isoforms, Cav-1 is the major protein of caveolae. 9 Cav-1 interacts with cholesterol, which is important for membrane microdomain stability. 7 Like lipid rafts, caveolae have several roles in cellular processes such as endocytosis, trafficking and signal transduction. For example, interleukin-1 beta (IL-1β) induces NFκB activation through the Cav-1-dependent endocytosis of NAPDH oxidase 2 and IL-βR1. 10 Cav-1 interacts with the glucagon-like peptide 1 receptor and regulates its localization to the plasma membrane. 11 Cav-1 also regulates calcium signaling through interaction with the Gαq protein. 12 Disruption of caveolae decreased the vitamin D3-dependent activation of mitogen-activated protein kinase (MAPK) and Src. 13 In previous reports, Cav-1 has been shown to have several roles in macrophages. Cav-1 mediated the anti-inflammatory effect via the MAPK kinase 3/p38 pathway. 14 Loss of Cav-1 reduced the expression of CD14, CD36, TLR4 and MYD88, which prevented phagocytosis and the production of inflammatory cytokines. 15 Cav-1 also has an essential role in the differentiation of monocytes into macrophages. 16 In our recent study, we found that Cav-1 was involved in the regulation of osteoclast differentiation and that Cav-1 − / − female mice had higher bone mass than the wild-type mice. 17 In the present study, we further investigated the role of Cav-1 in osteoclastogenesis and in the regulation of RANK and cFms, the M-CSF receptor.
MATERIALS AND METHODS

Reagents and antibodies
Anti-NFATc1 was purchased from Santa Cruz Biotechnology (Santa Cruz, CA, USA). Anti-RANK was purchased from Abcam (Cambridge, UK). Anti-Cav-1, cFms and other antibodies were purchased from Cell Signaling Technology (Beverly, MA, USA). Lipofectamine 2000 was purchased from Invitrogen (Carlsbad, CA, USA). Human soluble RANKL and M-CSF were purchased from Pepro-Tech (Rocky Hill, NJ, USA). MG132 and γ-secretase inhibitor were purchased from Sigma (St Louis, MO, USA).
Microarray
Bone marrow-derived macrophages (BMMs) from 5-week-old female mice were grown in α-MEM with M-CSF (30 ng ml − 1 ) and RANKL (200 ng ml − 1 ). Total RNA was prepared from untreated cells (day 0) and cells treated with RANKL (day 2) and reverse transcribed into cRNA. The cRNAs were then hybridized with the Mouse WG-6 v2.0 BeadChips, each of which contained 445 000 probes per array (Illumina, San Diego, CA, USA). Microarray data were analyzed with Genome Studio Gene Expression Module (Gx) v3.2 (Illumina).
In vitro osteoclast differentiation
BMMs were generated using 5-week-old female ICR mice. Flushed bone marrow cells from long bones were plated with α-MEM containing 10% FBS and 1% antibiotics in culture dishes. After 24 h, non-adherent cells were further incubated on petri dishes in α-MEM containing 10% FBS and 1% antibiotics with M-CSF (30 ng ml − 1 ) for 3 days. Adherent cells (BMMs) were used for osteoclastogenesis by culturing them with M-CSF (30 ng ml − 1 ) and RANKL (200 ng ml − 1 ) in α-MEM containing 10% FBS and 1% antibiotics for 4 days.
In vitro tartrate-resistant acid phosphatase staining
To determine osteoclast differentiation, cells were fixed in 3.7% formaldehyde solution and permeabilized with 0.1% Triton X-100. After being washed twice with phosphate-buffered saline, the cells were stained using a Leukocyte Acid Phosphatase Assay Kit from Sigma according to the manufacturer's instructions. Tartrate-resistant acid phosphatase -positive cells containing more than three nuclei were considered to be differentiated osteoclasts.
Real-time reverse transcriptase polymerase chain reaction
Total RNA was extracted using TRIzol reagent (Invitrogen). Then, cDNA synthesis was performed using Superscript II reverse transcriptase (Invitrogen) according to the manufacturer's instructions. Gene expression levels were analyzed with target gene specific primers listed in Table 1 using an ABI 7500 instrument and SYBR Green Master Mix reagents.
Western blotting
Cells were lysed in RIPA buffer (50 mM Tris-HCl, pH 8.0, 150 mM NaCl, 1% NP-40, 0.5% sodium deoxycholate, 0.1% SDS, 0.5 mM PMSF, proteinase inhibitor cocktail (Roche, Mannheim, Germany), 100 mM sodium vanadate, 0.5 M sodium fluoride) and centrifuged at 14 000 r.p.m. for 15 min at 4°C. After protein quantification, cell extracts were separated on polyacrylamide gels and transferred onto nitrocellulose membranes. After being blocked with 5% skim milk for 1 h, the membranes were incubated with the primary antibody at 4°C overnight. The next day, the membranes were incubated with the horseradish peroxidase-conjugated secondary antibody, and immune complexes were detected using enhanced chemiluminescence reagents.
Cav-1 knockdown by small interfering RNA
We designed Cav-1-specific small interfering RNA (siRNA) using the siRNA design program provided by Invitrogen. BMMs were transfected with siRNA (40 nM) using Lipofectamine 2000 (Invitrogen) according to the manufacturer's instructions.
Bromodeoxyuridine incorporation assay
The incorporation of bromodeoxyuridine into cells was measured using the bromodeoxyuridine Cell Proliferation Assay Kit from Calbiochem (San Diego, CA, USA) according to the manufacturer's instructions.
Terminal deoxynucleotidyl transferase dUTP nick end labeling assay TUNEL (terminal deoxynucleotidyl transferase dUTP nick end labeling) assays were performed using an In Situ Cell Death Detection Kit (Roche) according to the manufacturer's instructions.
Flow cytometry
To detect the surface expression of cFms, cells were incubated with cFms antibody for 20 min on ice. Cells were then washed with phosphate-buffered saline and incubated with a fluorescein isothiocyanate-conjugated secondary antibody for 20 min. Flow cytometry analysis was performed using a fluorescence-activated cell sorting Calibur flow cytometer (Becton Dickinson, Franklin Lakes, NJ, USA).
Immunofluorescence staining
Cells were fixed with 3.7% formaldehyde and permeabilized with 0.1% Triton X-100. The permeabilized cells were then blocked with 1% bovine serum albumin in phosphate-buffered saline, incubated with a primary antibody at 4°C overnight, and washed three times with phosphate-buffered saline for 5 min per wash. Next, the cells were incubated with a secondary antibody for 2 h at room temperature. Finally, the cells were observed under a Zeiss LSM 5 PASCAL laser-scanning microscope (Carl Zeiss Microimaging GmbH, Goettingen, Germany) with × 400 magnification (C-Apochromat/1.2 WCorr).
Statistical analysis
In all the quantitative experiments, data are presented as the means ± s.d. Student's paired t-test was performed to determine the significance of the differences between the indicated samples.
RESULTS
Cav-1 upregulation by RANKL is required for osteoclastogenesis
To find novel factors that influence the differentiation of osteoclasts, we performed a cDNA microarray analysis. Mouse BMMs were used as precursor cells, and the cells were cultured in the presence or absence of RANKL, the osteoclast differentiation factor. Among the differentially expressed genes, we found that Cav-1 was upregulated by RANKL treatment (Figure 1a ). The extent of Cav-1 upregulation was much stronger than that of matrix metalloproteinase 9 or cathepsin K, the known osteoclast-marker genes ( Figure 1a ). The increase in Cav-1 mRNA expression was confirmed by real-time PCR experiments (Figure 1b) . We next explored the possibility of Cav-1 involvement in RANKL-induced osteoclast differentiation by evaluating the effect of blocking Cav-1 upregulation on osteoclastogenesis. To this end, BMMs were transfected with siRNA oligonucleotides against Cav-1 and then cultured in the presence of M-CSF and RANKL for 4 days. Under the conditions, Cav-1 upregulation was efficiently suppressed (Figure 1c) . The siRNA-mediated Cav-1 knockdown significantly reduced the generation of osteoclasts as assessed by counting tartrate-resistant acid phosphatase -positive multinuclear cells (Figure 1d ). This result was consistent with our recent report that showed inhibitory effect of Cav-1 siRNA, but not Cav-2 siRNA, on osteoclast formation. 17 Given that the elevation in NFATc1 expression is essential for osteoclastogenesis, 1 we examined the effect of Cav-1 knockdown on NFATc1 level. The RANKL-induced mRNA expression of NFATc1 was attenuated by Cav-1 knockdown (Figure 1e ). Collectively, these results suggest that Cav-1 upregulation by RANKL has a positive role for osteoclastogenesis. Cav-1 knockdown affected the proliferation, apoptosis and migration of osteoclast precursors Differences in cell numbers during culturing will affect the number of osteoclasts generated. Therefore, we examined whether the Cav-1 knockdown had any effect on cell proliferation. The proliferation of BMMs was not affected by Cav-1 knockdown when cells were cultured with M-CSF only (Figure 2a) . However, it was inhibited by Cav-1 knockdown when RANKL was also present (Figure 2a) . As previous reports have implicated Cav-1 in cell survival, 18, 19 we next evaluated the effect of Cav-1 on the apoptosis of osteoclast precursor cells. BMMs with silenced Cav-1 showed increased TUNELpositive cells as compared with the control siRNA-transfected BMMs (Figure 2b ). Pre-fusion osteoclasts, cultured for 2 days in the presence of RANKL, also showed higher TUNELpositivity in the Cav-1 silenced cells (Figure 2b ). In addition, we examined whether Cav-1 knockdown modulates the level of cyclin D1 and cleaved poly(ADP ribose) polymerase, the indicators of cell proliferation and apoptosis, respectively. Cav-1 knockdown significantly reduced cyclin D1 levels and increased poly(ADP ribose) polymerase cleavage (Figure 2c ). Cav-1 has also been implicated in cell migration and morphology. 20 As shown in Figure 2d , Cav-1 knockdown strongly inhibited the migratory activity of the BMMs. We also found that the BMMs with silenced Cav-1 showed abnormal morphology. The pre-fusion osteoclasts with silenced Cav-1 showed a flattened morphology, and the ring-like membrane structure of the mature osteoclasts was disrupted (Figure 2e ).
M-CSF-and RANKL-induced signaling pathways were inhibited by Cav-1 knockdown
To explore the mechanism for the anti-osteoclastogenic effect of Cav-1 siRNA, we examined the effect of Cav-1 knockdown on the M-CSF and RANKL signaling pathways. As the MAPK signaling pathways are activated by M-CSF and RANKL, 21 and the Akt pathway is crucial for cell survival, we investigated these signaling pathways. When the cells transfected with Cav-1 siRNA were stimulated with M-CSF, the phosphorylation of p38, ERK1/2 and Akt was inhibited as compared with the control siRNA-transfected BMMs (Figure 3a) . The RANKL-stimulated phosphorylation of p38, ERK1/2 and Akt was also significantly attenuated in the BMMs with silenced Cav-1 (Figure 3b ). These data indicate that the presence of Cav-1 is required for the effective signaling of both M-CSF and RANKL in osteoclastogenesis.
Cav-1 knockdown inhibited the expression of cFms and RANK As the M-CSF-and RANKL-triggered signaling pathways were downregulated by Cav-1 knockdown, we examined the expression levels of the cytokine receptors. The protein levels of cFms (the M-CSF receptor) and RANK were markedly reduced by Cav-1 knockdown during osteoclastogenesis (Figure 4a ). Interestingly, the mRNA level of cFms was not affected by Cav-1 knockdown (Figure 4b ). In contrast, the RANK mRNA level was markedly reduced by Cav-1 knockdown (Figure 4b ). The immunofluorescence staining showed that the cFms level in the cell periphery region was also reduced by Cav-1 knockdown (Figure 4c ). In addition, the fluorescence-activated cell sorting analysis supported the reduction of cell surface cFms proteins by Cav-1 knockdown (Figure 4d ). Diverse membrane proteins were found in the caveolae and were regulated by Cav-1-dependent mechanisms. 7, 22 We examined whether cFms and RANK were localized in the caveolae. For caveolae isolation, we performed sucrose density gradient ultracentrifugation. 23 The cFms and RANK proteins were found in the caveolae fractions of the pre-fusion osteoclasts (Figure 4e ). We next tested whether Cav-1 interacted with cFms in pre-fusion osteoclasts.
The immunoprecipitation of Cav-1 resulted in the coimmunoprecipitation of cFms, suggesting an interaction between the two proteins ( Figure 4f ). However, RANK was not co-immunoprecipitated with Cav-1 (Figure 4f ). These results suggest that the caveolae structure differentially regulates the expression and subcellular localization of cFms and RANK.
Cav-1 regulates the stability of cFms protein As Cav-1 knockdown reduced the cFms protein level without affecting its mRNA level, we next examined whether Cav-1 regulates cFms protein stability. When BMMs were treated with cycloheximide, a protein synthesis inhibitor, cFms was more rapidly degraded by Cav-1 silencing (Figure 5a ). A similar pattern was observed with the RANK protein ( Figure 5a ). As diverse proteins are degraded via a ubiquitin-dependent mechanism, we investigated whether the inhibition of ubiquitin-dependent proteolysis could block the downregulation of cFms. BMMs were treated with MG132, and the cFms level was examined. As shown in Figure 5b , cFms downregulation was not suppressed by MG132 treatment ( Figure 5b ). Various membrane proteins were shown to undergo regulated intramembrane proteolysis, in which γ-secretase has been implicated. 24 In previous reports, cFms was also shown to undergo the regulated intramembrane proteolysis process. 25 To examine whether Cav-1 knockdown affects γ-secretase-mediated cFms proteolysis, BMMs were treated with γ-secretase inhibitor. However, the γ-secretase inhibitor treatment could not block the degradation of cFms (Figure 5c ). The lysosomal degradation pathway has also been implicated in the regulation of protein levels. 26, 27 To investigate whether Cav-1 knockdown increases the lysosomal degradation of cFms, BMMs were treated with chloroquine, an inhibitor of lysosomal enzymes. Chloroquine markedly suppressed the downregulation of cFms (Figure 5d ). These results suggest that lysosomal degradation, not ubiquitination, is related to Cav-1-dependent cFms stability.
DISCUSSION
In this study, we found that Cav-1, the major component of caveolae, has a positive role in osteoclastogenesis. The disruption of caveolae by Cav-1 knockdown impaired osteoclast differentiation and inhibited the induction of NFATc1 (Figure 1 ), which was consistent with our recent report. 17 In this study, we found additional roles of Cav-1 during osteoclastogenesis. The proliferation of BMMs was decreased and apoptosis was increased by Cav-1 silencing in a RANKLdependent manner (Figure 2a) . BMMs with silenced Cav-1 showed reduced migration activity and abnormal morphology (Figures 2d and e) . These diverse effects of Cav-1 deficiency have been previously reported in other types of cells. [18] [19] [20] M-CSF and RANKL have essential roles in osteoclast formation. 1 M-CSF activates the receptor cFms, which autophosphorylates its own tyrosine residues. 21, 28 The activation of cFms triggers signaling pathways involving ERK1/2 and Akt for the proliferation and survival of osteoclast precursors. 21 The importance of cFms signaling in osteoclastogenesis has been verified with cFms knockout mice that showed osteopetrosis. 29 Similarly, RANKL-defective mice showed severe osteopetrosis with an absence of osteoclasts in their bone. 30 RANKL stimulates the trimerization of RANK and TRAF6, which activates NFκB, Akt and mitogen-activated kinases including ERK1/2, JNK and p38. These signaling cascades have an important role in the induction of NFATc1. 1, 21 In our study, M-CSF-and RANKL-mediated MAPK and Akt signaling were attenuated by Cav-1 knockdown (Figure 3) . Therefore, it seems that the reduced activation of the MAPK and Akt pathways leads to decreased NFATc1 induction, proliferation and migration, resulting in the suppression of osteoclastogenesis by Cav-1 knockdown.
Cav-1 directly interacts with membrane localized proteins via its scaffolding domain, 22 and the interactions can alter signal transduction via several mechanisms. For example, caveolin-dependent endocytosis regulates the levels of surface proteins such as growth factor receptors, β1 integrin and intracellular components associated with the plasma membrane. 8, 31 The degradation of Rac1 by Cav-1-dependent ubiquitination is important during cell migration. 32 However, caveolin can also protect protein degradation by lysosomes, as shown by the promoted lysosomal targeting of dysferlin and insulin receptors by caveolin deficiency. 8 We found that cFms co-immunoprecipitated with Cav-1 (Figure 4f) , and the expression of cFms was decreased by Cav-1 knockdown at the protein level without any effect on its mRNA expression (Figures 4a and b) . This suggests that Cav-1 may affect the protein stability of cFms. Indeed, the silencing of Cav-1 led to the rapid degradation of the cFms protein (Figure 5a ). The regulated intramembrane proteolysis process has been shown to be involved in the regulation of cFms protein levels. 25 In this process, the receptor is first cleaved within the extracellular region. The second cleavage occurs in the transmembrane domain, and is induced by γ-secretase. Subsequently, cFms is subjected to ubiquitin-mediated degradation or targeted to lysosomes. 25, 33, 34 In our study, neither the proteasome inhibitor nor the γ-secretase inhibitor blocked the degradation of cFms (Figures 5b and c) . However, chloroquine treatment inhibited the degradation of cFms by Cav-1 knockdown (Figure 5d ). These results indicate that Cav-1 protects the lysosomal degradation of cFms.
The regulation of RANK expression by Cav-1 appeared to be at the transcriptional level, as Cav-1 knockdown reduced both RANK mRNA and protein levels (Figures 4a and b) . A previous report showed that RANK mRNA expression was induced by M-CSF in the early stage of osteoclastogenesis. 35 Therefore, it is possible that Cav-1 indirectly regulates RANK expression via its modulation of cFms protein stability. Detailed mechanisms and transcription factors involved in the RANK induction by cFms are yet to be elucidated, however.
